The effect of long-term storage, at a range of temperatures, on the thermal and mechanical properties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)) is reported. P(3HB-co-3HV) was stored at −22, 7, 20, 50, 75, 100, 125 and 150°C for 672 h. Below 100°C, the observed increase in melting point, glass transition temperature, modulus and strength are due to the development of crystallinity via a secondary process and facilitated by increasing temperature. At 125°C, the processes of secondary crystallisation and degradation occur in parallel and there is an interplay between these processes, with the effects of degradation masked by the continuation of secondary crystallisation. At 150°C there is a deterioration in all the properties noted above and given the reduction in molecular weight (and discolouration), this can be attributed to degradation. The significant observation from these results is that the degradation process remains active well below the melting point and long-term stability of P(3HB-co-3HV) is not only affected by secondary crystallisation, but also degradation. In addition, as no significant changes to the thermal or mechanical properties were observed during storage at −22 and 7°C it suggests that P(3HB-co-3HV) may be a suitable packaging material for frozen or refrigerated products.
Introduction
Poly(3-hydroxybutyrate) (P(3HB)) and its copolymers have received considerable attention in the packaging field as a result of their biodegradability [1] [2] [3] , and in some respects their similarity to commercial polymers such as polypropylene (PP) and polyethyleneterephthalate (PET) [4, 5] . They are a class of polymers formed by various bacteria in environments where there is an excess carbon source and limited oxygen, nitrogen or phosphorous [6, 7] . In this bacterial synthesis, the polymer makes up around 90% of the dry cell mass and has a number average molecular weight in the order of 10 5 -10
6 Da. The stereospecifity of the bacterial production route generates stereochemically pure P(3HB) which leads to crystallinities of over 50% [7] . However, the high degree of crystallinity results in an elevated Young's modulus and low elongation to break; this has prevented the large scale commercial use of P(3HB) [8, 9] . Numerous researchers have attempted to improve the properties of P(3HB) through copolymerising with hydroxyvalerate, via alternating the bacterial feed stock, to form P(3HB-co-3HV) [10, 11] . This copolymerisation has been shown to successfully improve the mechanical properties of P(3HB), with an increasing HV content decreasing the crystallinity of the material [1, [12] [13] [14] . The processing of P(3HB) also has limitations as the polymer is very unstable in the melt resulting in bond cleavage and degradation of the material [15, 16] . This results in a very small processing window.
Another major issue surrounding the commercial use of P(3HB) and its copolymers is their ability to undergo secondary crystallisation over time which manifests as a progressive reduction in ductility [17, 18] . Secondary crystallisation occurs, following primary crystallisation, when the glass transition temperature (T g ) of a polymer remains below the storage temperature. The polymer chains in the amorphous regions possess a degree of mobility which allows them to continue the crystallisation process via thickening of the existing crystalline lamellae and infilling between the lamellae layers [19] [20] [21] [22] .
Several studies have shown that storage of P(3HB) and its copolymers at room temperature causes the crystallinity to increase and with that the physical properties of the material to change [17, 18, 23] but studies involving storage at elevated temperatures have not been reported. Heating the material to high temperatures following long term storage at room temperature has been shown to improve the properties of P(3HB-co-3HV) [17] and P(3HB) [18] , due to reorganisation of the lamellae, but reported annealing times were less than 12 h. Therefore, this study aims to address this limitation by assessing the temperature dependence of the long-term stability of P(3HB-co-3HV). In this study, the effects of long-term storage of P(3HB-co-3HV) at a wide range of temperatures, between the glass transition temperature and melting point (T m ), is reported. The effect of storage time and temperature on the crystallinity, thermal stability and mechanical properties is characterised using differential scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), and tensile testing. The results are considered in the context of secondary crystallisation and degradation.
Materials and methods

Materials
Poly(3-hydroxybutyrate-co-3-valerate) (P(3HB-co-3HV)) (Tianan ENMAT Y1000P) containing 3 wt% valerate was supplied by Helian Polymers (Venlo, Netherlands) and used as received.
Methods
Sample preparation
Plaques of P(3HB-co-3HV) were produced by compression moulding using a Moore E1127 hydraulic hot press (George E. Moore & Sons Ltd, Birmingham, UK) preheated to 190°C. Briefly, the polymer pellets (8 g) were placed into a mould (152 × 158 × 0.266 mm) and inserted into the press. The mould was allowed to warm for 5 min before a load of 10 tonnes was applied for a further 3 min. The plaques were cooled in-situ by passing water through the platens before removal. This imposed a cooling rate of approximately 17°C min -1 . Thicker plaques were also produced from 43 g of pellets in a 150 × 180 × 1 mm mould, using the same conditions.
Samples were cut from the plaques, as detailed in the appropriate experimental sections below, and stored at −22, 7, 20, 50, 75, 100, 125 and 150°C. This range was selected as it covers temperatures between the T g and T m , and includes a temperature below the T g to act as a control. Additional samples were also retained for day zero analysis. As the preparation of the samples and analyses were performed at room temperature, handling time of the samples was kept to a minimum to limit secondary crystallisation.
Differential scanning calorimetry (DSC)
Discs of 5 mm in diameter with a typical mass of 4.42 ± 2.37 mg were cut from the 0.266 mm plaques and stored at a range of temperatures. A Mettler Toledo DSC 1 (Mettler Toledo, Schwerzenbach, Switzerland), calibrated with indium and zinc standards, was used to determine the melting point and crystallinity of the P(3HB-co-3HV) samples during storage. All experiments were conducted under a nitrogen flow rate of 50 ml min −1 . A standard procedure was adopted in which the samples were weighed into 40 μl aluminium DSC pans (Mettler Toledo), capped with aluminium DSC lids (Mettler Toledo) and sealed with a press (Mettler Toledo). Samples were heated from −40 to 220°C at a constant rate of 50°C min −1 to limit melt recrystallization/reorganisation. The melting point was taken at the peak of the transition. The degree of crystallinity of P(3HB-co-3HV) was determined by drawing a linear baseline from the first onset of melting to the last trace of crystallinity and the enthalpy of fusion (ΔH f ) was then calculated from the area under the endotherm (Eq. 1) using a ΔH 0 f value of 146 J g −1 as reported for P(3HB) [24] .
To the authors knowledge no enthalpy of fusion has been published for the copolymer containing 3 wt% 3HV however, numerous researchers have used this P(3HB) value when analysing P(3HB-co-3HV) with low concentrations of HV [25] [26] [27] .
Dynamic mechanical thermal analysis (DMTA) Rectangular samples (13 mm × 55 mm) were prepared from the 1 mm thick plaques. DMTA was carried out using a NETZSCH DMA 242 cell with a TASC 414/3 controller and a PC running NETZSCH DMA measurement channel 18 software. The loading geometry was 3-point bend and the free bending length was 40 mm for all samples. Liquid nitrogen was used to cool the sample to −40°C prior to the start of the run and temperature scans from −40 to 70-95°C were performed with a heating rate of 1°C min . The target deflection was set to 240 µm for all samples apart from those stored at 150°C where the deflection was 120 µm. This was because the samples stored at this temperature were too brittle to enable measurement at deflections beyond 120 µm. The storage modulus and loss tangent were recorded as function of temperature at three frequencies; 1, 10 and 33.33 Hz.
Mechanical testing
Identical dog-bone shaped samples (gauge length 26 mm; width 4 mm; thickness 0.214 ± 0.087 μm) were cut from the plaques using a Wallace cutter and stored at a range of temperatures. Young's modulus, ultimate tensile strength and elongation to break of the samples were determined at ambient temperature using an Instron 5566 (High Wycombe, UK) mechanical tester equipped with a 10 kN load cell. At various time points, the samples were removed from their storage condition and allowed to warm/cool to room temperature for 10 min prior to the analysis. The edges of the dog-bone were also smoothed with P800 emery paper. Samples were extended at a rate of 2 mm min −1 until failure. Three samples were analysed for each time point and the average calculated.
Gel permeation chromatography (GPC)
GPC was used to examine the effect of storage at 150°C on the molecular weight of P(3HB-co-3HV). Samples (50 mg) were cut from the thinner plaques at specific time intervals and refluxed in chloroform (50 ml) at 85°C until dissolved. The solutions were passed through a 0.22 μm PVDF membrane prior to the analysis. Samples were analysed by an Agilent Technologies (Berkshire, UK) LC 390-MDS instrument, comprising of two PLgel Mixed-D columns (5 μm) at 30°C, a PLgel guard column (5 μm) and a differential refractive index (DRI) detector at the University of Warwick (UK). An injection volume of 100 µl was used with a chloroform mobile phase at a flow rate of 1 ml min −1 .
Polystyrene standards were used for calibration.
Mass loss
The mass of samples (~30 mg) cut from the 1 mm thick plaques was analysed periodically over time using a Perkin Elmer Autobalance Ad-2.
Results and discussion
Thermal analysis P(3HB-co-3HV) is well-known to undergo secondary crystallisation over time at room temperature, causing embrittlement of the material and therefore a deterioration in the mechanical properties [17, 18] . Analysis of P(3HB-co-3HV) during storage at −22 and 7°C showed no significant change in the crystallinity over 4 weeks (Fig. 1) . As the T g of P(3HB-co-3HV) is approximately 4°C [7] , the amorphous phase within the samples is glassy at −22°C and therefore largely immobilised such that increases in crystallinity via secondary crystallisation cannot occur. At temperatures above the T g , the crystallinity was found to increase with time, with the majority of the change occurring in the first few days, which is in accordance with previous studies on P(3HB), in which the samples were stored at room temperature [17] . Following this initial rapid increase in crystallinity the rate of change begins to reduce as the remaining amorphous material becomes more constrained, restricting chain mobility and with that the ease with which the amorphous phase can transform; an observation that has been reported previously using dielectric analysis [21] . The exception to this is the samples stored at 150°C where, although the crystallinity was found to initially rapidly increase, it began to decline following storage for longer than 14 days. P(3HB) and its copolymers are known to be thermally unstable at temperatures close to the melting point [16, [28] [29] [30] and there is evidence to suggest that the molecular weight of P(3HB-co-3HV) may start to decrease on annealing at temperatures as low as 160°C [31] . Renstad et al. observed a 50% reduction in the molecular weight of P(3HB-co-3HV) following extrusion at 162°C with an estimated residence time of 12 min [31] . It is therefore reasonable to assume that at 150°C both secondary crystallisation and chain scission occur in parallel over time. A small reduction in the molecular weight has been reported to increase crystallinity [16, 32] . This can be attributed to increased chain mobility and potential for close packing in the lamellae, which may account for the dramatic increase in crystallinity seen here compared to the other temperatures. P(3HB) is reported to reach crystallinities of 80% [33] , and previous researchers have shown the degradation of P(3HB-co-3HV) via chemical hydrolysis to result in crystallinities of up to 75% [32] ; however, this is lower than the 89% observed here. As degradation occurs primarily in the amorphous regions, due to the structural rearrangement needed to form the intermediate cyclic ring, it is this material that will be lost via degradation first. Therefore, in addition to the increase in crystallinity created by secondary crystallisation and easier packing of the degraded shorter chains, the complete breakdown of sections of the amorphous region also occurs, leading to a higher than expected crystallinity. After one week, the degradation becomes more severe and not only proceeds in the amorphous phase, but also through the thickness of the lamella via the chain ends, as shown by the reduction in crystallinity.
In contrast to primary crystallisation, where Avrami analyses have shown the maximum rate of crystallisation to occur near to the midpoint between the T g and T m (80°C in the case of P(3HB-co-3HV)) [34] the rate of secondary crystallisation was found to increase with temperature, which can be explained by the non-nucleated growth of the existing lamella regions. In primary crystallisation there is a balance between low temperatures required for nuclei formation and high temperatures to provide sufficient chain mobility for spherulite growth. As secondary crystallisation occurs due to further chain rearrangement following primary crystallisation, leading to lamellae thickening and/or infilling, nucleation is not required. As a result, high temperatures are more favourable due to the increased chain mobility and free volume afforded to the polymer.
The melting points of the samples were also analysed periodically to assess any variation due to secondary crystallisation of the material (Fig. 2) . As expected, no change in the melting point was observed at the lower temperatures where the crystallinity remained consistent throughout storage. At temperatures in excess of 50°C the melting point was found to increase over time in accordance with increased crystallinity (Fig. 1) . As the melting point is related to the thickness of the lamella and one method of secondary crystallisation is lamella thickening, it therefore follows that the melting point will increase on storage. At 150°C the melting point was found to increase up to a time point of 100 h, but then decrease to a melting temperature below that observed prior to storage. This can be ascribed to the onset of degradation which has been reported previously [16, 35] . Although the temperatures adopted in these papers are greater than the 150°C used here (190 and 180°C respectively) it is probable that the far greater exposure times adopted in this study (up to 672 h compared to 80 and 300 min) produced similar effects.
The glass transition temperature could not be detected using DSC due to the low levels of amorphous material present. However, DMTA was able to resolve the α relaxation and the glass transition was then defined from the associated peak in tan δ. Analysis of the glass transition temperature over time at −22 and 7°C showed negligible changes throughout the study due to the lack of chain mobility. Each of the traces displayed an asymmetric distribution with the high temperature side of the peak being broader than the left (Fig. 4) . This is typical of a semicrystalline polymer and can be ascribed to the constrainment of the mobile amorphous chains adjacent to the lamella surface (the region referred to as the rigid amorphous fraction, or RAF, in the three-phase model). Above 20°C, with the exception of 150°C, the T g was found to rise over time with the greatest changes occurring at the higher storage temperatures (Fig. 3) .
In addition, the peak height of the α relaxation (which is related to the proportion of amorphous material [31] ) was found to decrease with time which is consistent with the continued development of crystallinity (Fig. 4a) . These Fig. 2 Effect of storage at a range of temperatures on the melting point of P(3HB-co-3HV). Error bars are given as ±1 standard deviation from the mean. Dashed lines have been superimposed between time points as a visual aid to guide the eye through the data sets Fig. 3 Effect of storage at a range of temperatures on the glass transition temperature of P(3HB-co-3HV). Dashed lines have been superimposed between time points as a visual aid to guide the eye through the data sets results are in accordance with the development of crystallinity with time shown above (Fig. 1) in that the glass transition temperature reflects the mobility of the chains in the amorphous phase and the constraints imposed by the secondary crystallisation process. These results also concur with data reported for poly(lactic acid) [36, 37] . The variation of glass transition temperature with storage time at 150°C is also in accordance with the variation of crystallinity under the same conditions, that is, an initial increase followed by a decline due to the onset of degradation. The behaviour of the α relaxation at 150°C reflects the interplay between the secondary process and the degradation observed (Fig. 4b ). Up to a storage time of 168 h, the variation in peak profile is similar to that observed at the other storage temperatures i.e. there is a reduction in peak height and an increase in peak temperature, both driven by the secondary crystallisation process. However, on storage for time periods longer than 168 h, the effects of degradation begin to dominate in that the peak temperature (T g ) begins to decrease. It is interesting to note the peak profile at storage times of 504 and 762 h i.e. there is a symmetric broadening which can be ascribed to the effects of both secondary crystallisation and degradation. Secondary crystallisation further constrains the RAF which extends the α relaxation to elevated temperatures while degradation in (presumably) the mobile amorphous fraction results in chain scission and the formation of smaller, less constrained polymer chains. Figure 5 shows the change in Young's modulus with time at the various storage temperatures. The results again show no change to the samples held at −22°C due to the lack of polymer chain mobility below the glass transition temperature. With the exception of storage at 150°C, Young's modulus increased over time which is consistent with progressive constrainment of the mobile amorphous regions by the development of secondary crystallisation. This has been observed by other authors albeit following storage at room temperature [17, 18] .
Mechanical properties
Up to storage temperatures of 125°C there was a significant change in modulus during the first day of storage, but this was followed by a more limited increase in modulus up to 180 h (Fig. 5 ). This observation is consistent with the increases observed in both the degree of crystallinity (Fig. 1 ) and the glass transition temperature (Fig. 3) . At a storage temperature of 150°C there was clear evidence of degradation as it was not possible to mount the samples for tensile testing; the samples either failed on handling or in the grips. The case of 125°C showed evidence of both secondary crystallisation and degradation in that there was a more modest increase in modulus.
The ultimate tensile strength (UTS) was also found to vary with storage time with an increase observed throughout the study for the majority of the storage temperatures (Fig. 6 ). As noted with each of the other properties, no significant change occurred in the samples stored at −22 and 7°C. For storage temperatures between 20 and 75°C the UTS increased in accordance with the increases in crystallinity observed previously, whereas, at 125°C the UTS was observed to decrease following 5 days storage. At a storage temperature of 150°C, the onset of the reduction in UTS appeared to be almost immediate; samples stored for a time period of longer than one day failed on handling or in the grips and it was impossible to determine the UTS. Previous work with P(3HB-co-3HV) has shown degradation to occur during annealing at temperatures of 180°C and above for 5 min [28] . Furthermore, a reduction in molecular weight associated with degradation has been reported at temperatures as low as 160°C following extrusion [31] . The results presented in Fig. 6 indicate that P (3HB-co-3HV) is thermally unstable well below the melting temperature and that degradation readily proceeds at temperatures at least as low as 125°C. Up to a time point of five days, at 125°C the effects of degradation are hidden to a degree by the increase in secondary crystallisation.
The elongation to break decreased with time on storage at all temperatures apart from −22°C (Fig. 7) . This observation is again consistent with data reported by other authors that have conducted a time-resolved mechanical property study at ambient conditions [17, 18] .
Degradation at elevated temperatures
During the analyses, it was interesting to note that there was an obvious discolouration in the samples that had been stored at 150°C, and to a lesser extent, those that had been stored at 125°C (Fig. 8) . The observation strongly suggests that degradation is readily occurring at these temperatures. No obvious discoloration was observed in the samples stored at temperatures below 125°C. Previous researchers have reported discolouration of P(3HB-co-3HV) following extrusion at 176-177°C which they attributed to the degradation and a reduction in the molecular weight [31] . The degradation pathway at elevated temperatures is widely reported to be random chain scission of the ester groups via β-elimination [16, 29, 30] , with a 60% reduction in the molecular weight reported following annealing P (3HB) at 180°C for 10 min [16] . As this chain scission results in the formation of smaller molecular weight chains the occurrence of degradation during this study can be assessed by GPC. The molecular weight of P(3HB-co-3HV) was found to decrease markedly over time indicating chain cleavage and degradation (Fig. 9) . Interestingly two overlapping peaks were observed in the chromatogram, corresponding to molecular weights of 3373 and 10,100 g mol −1 , after 4 weeks exposure to 150°C. This observation supports the idea that shorter chains are formed at this temperature which are able to crystallise relatively easily such that the overall crystallinity increases rapidly, that is, the development of crystallinity is facilitated by the degradation process. Sample mass was also found to vary with time at elevated storage temperatures (Fig. 10) . In all cases above 50°C there was a slight initial mass loss over the first 24 h (probably due to the loss of absorbed moisture). Following this, the mass of the samples stored at 100°C and below remained constant for the duration of the study. However, on storage at 125°C an initial mass loss of 0.26% was observed due to evaporation of surface water (Fig. 10) followed by an additional 0.36% over the course of the study, indicative of degradation of the material. A more dramatic reduction in the mass was observed at 150°C, in which an initial loss of 0.43% was followed by a 27.86% reduction over 4 weeks indicating severe degradation (Fig. 10a) . A similar percentage weight loss was also observed when unprocessed P(3HB-co-3HV) pellets were subjected to the same conditions (data not shown).
Previous research has shown that at temperatures greater than the melting point further degradation of P(3HB) and P (3HB-co-3HV) can occur, leading to the formation of crotonic acid and 2-pentenoic acid as the HB and HV units break down respectively [30, 38, 39] . The boiling point of 2-pentenoic acid is 106°C and will therefore evaporate immediately if produced during degradation. In addition, although the boiling point of crotonic acid (180°C) is lower than the storage temperature, it is probable that due to the prolonged storage time these monomers will also evaporate therefore, the mass loss shown in Fig. 10 is likely to originate from the loss of both degradants. 
Conclusions
This study aimed to address limitations in previous work in the area of P(3HB-co-3HV) secondary crystallisation. This was achieved by systematically extending both the range of storage temperatures and the timescale. At storage temperatures below 125°C, P(3HB-co-3HV) appears not to degrade and the increases in degree of crystallinity, melting point, glass to liquid transition temperature, modulus and strength can be attributed to the secondary crystallisation process. In this temperature range the development of secondary crystallinity is facilitated by increasing temperature. In contrast, at 150°C there is a deterioration in all the properties noted above and given the reduction in molecular weight (and discolouration), this can be attributed to degradation. The peak profile for the α relaxation at 150°C reveals significant symmetric broadening due to the effects of the secondary crystallisation process and degradation. High temperature broadening caused by further constrainment of the RAF and an increase in the mobility in the mobile amorphous fraction (MAF) as a result of the formation of smaller, less constrained chains. At 125°C, it is apparent that the processes of secondary crystallisation and degradation occur in parallel and at this temperature there is also an interplay between these processes in that the effects of degradation are masked to a degree by the continuation of secondary crystallisation. The significant observation to emerge from the results is that the degradation process remains active well below the melting point, and that the long-term stability of P(3HB-co-3HV) is not only affected by secondary crystallisation, but also sub-melting point degradation. In addition, as no significant changes to the thermal or mechanical properties were observed during storage at −22°C and 7°C it suggests that P (3HB-co-3HV) may be a suitable packaging material for frozen or refrigerated products.
